Calcium substituted magnesium ferrite with composition MgCa Fe 2− O 4 (where = 0.00, 0.01, 0.03, 0.05, 0.07) was prepared by ceramic technique. These compositions were then subjected to detailed study for structural and magnetic properties. X-ray diffraction studies reveal the formation of single phase cubic spinel. The values of lattice constant increase with the increase in calcium concentration from = 0.00 to = 0.03 and then decrease. Scanning electron microscopic (SEM) technique was used to study the morphology of the grown materials. The grain size was calculated using average intercept line method. The elemental composition of pure and calcium substituted magnesium ferrite was obtained from energy dispersive X-ray analysis (EDAX) spectrum. The hysteresis loop confirms the magnetic behaviour of the prepared composition, which is then discussed on the basis of cation distribution. The parameters such as saturation magnetization, coericivity, and retentivity are calculated. The Curie temperature was found to decrease with increasing calcium content.
Introduction
Magnesium ferrite has attracted attention as one of the ferrites for high density magnetic recording, microwave absorbents, sensors and electronic device, high frequency devices, colour imaging, and so forth, because it has high magnetic permeability and high electrical resistance [1] [2] [3] [4] . MgFe 2 O 4 is a partially inverse spinel [5, 6] and can be considered as a collinear ferrimagnet whose degree of inversion is sensitive to the sample preparation history. Magnesium ferrite with diamagnetic substitution for Mg 2+ and Fe 3+ ions has attracted the attention of a number of research workers who attempted to explain the magnetic properties on the basis of the distribution of the only magnetic ion Fe 3+ in tetrahedral (A) and octahedral (B) sites, which makes the analysis reliable [7] . The physical and chemical properties of MgFe 2 O 4 depend upon the cation distribution, which in turn is a complex function of processing parameters and method of preparation of the material [8] . The variation that is brought about in the physicochemical and electromagnetic properties due to a change in the particle dimension has encouraged many researchers around the globe to prepare spinel ferrites with novel properties.
The structural and magnetic characteristics of MgFe 2 O 4 with nonmagnetic substitution such as Zn 2+ [9] , Cd 2+ [10] , Ti 4+ [11] , and Al 3+ [12] have been investigated by means of Xray diffraction (XRD) and magnetic measurement technique. Some work on various properties of spinel ferrites with Ca 2+ substitution such as CoFe 2 O 4 [13] , Li-Zn ferrite [14] , Cu-Zn ferrite [15] , Ni-Zn ferrite [16] , and MgFe 2 O 4 [7] has also been reported.
Generally, Mg 2+ and Fe 3+ cations are distributed at both sites. The Fe [17] . Thus, determination of cation distribution between the tetrahedral and octahedral sites has been a subject of many studies [18] [19] [20] [21] . Wei et al. [18] from the X-ray diffraction studies proposes that, with manganese ion substitution, Mn
3+
ions predominately occupy the octahedral site, whereas Fe 3+ ion decreases linearly, thereby suggesting that Fe 3+ is being replaced by Mn 3+ ion on substitution.
In the present paper, calcium (Ca) substituted magnesium ferrite is reported with a view to study the effect of substitution of nonmagnetic ion (Ca 2+ ) on the structural and magnetic behaviour. 
Materials and Methods

Materials Preparation.
Pure magnesium ferrite (MgFe) and calcium substituted magnesium ferrite (CaMgFe) with composition MgCa Fe 2− O 4 ( = 0.00, 0.01, 0.03, 0.05, 0.07) were prepared using the ceramic technique. High purity oxides, 99.99% of CaO, MgO, and Fe 2 O 3 , were used as starting materials. The oxides of metal ions were mixed together according to their molecular weight. The mixture of each sample was ground to a very fine powder in agate mortar. The mixed powder was then transferred to electric ball mill for 48 hours. The dried powder was pressed into pellets and presintered at a temperature of 800 ∘ C for 2 hours with a heating rate of 2 ∘ C/min so that the initial chemical reaction between the constituents can take place. The presintered mixture was ground again and pressed into the required shapes using hydraulic press under a pressure of 120 kg/cm 2 in order to obtain a high degree of compaction. In the final sintering process, the samples were placed in a furnace heated up to 1200 ∘ C with a heating rate of 4 ∘ C/min, kept for 2 hours, and then cooled to 900 ∘ C at the rate of 7.5 ∘ C/min after which it was cooled to room temperature. After sintering, the compacts were polished to remove the surface layers to ensure that the measured properties correspond to those of the bulk and not the surface layers.
Characterization.
In order to confirm the completion of solid state reaction as well as analyzing the crystalline phase and the structural parameters, X-ray diffraction patterns of the powdered samples were recorded by using a Rigaku powder X-ray diffractometer using Cuk ( = 1.54059Å) radiation. The shape, size, and distribution of pure and calcium substituted magnesium ferrite were carried out with the help of scanning electron microscope (SEM Model LEO 440 PC Based DIGITAL SEM). The elemental composition was confirmed with the help of energy dispersive X-ray analysis (EDAX model OXFORD: LINK ISIS, 300). A fully computer controlled vibrating sample magnetometer (VSM: EG&G Princeton, Applied Research Model 4500) was used for magnetization (with a maximum applied field of 15 kOer at room temperature) and Curie temperature measurements. Figure 1(a) ) and agglomeration of these particles increases with the increase in Ca 2+ ions concentration. The grain size was calculated using the average intercept line (AIL) method [22] . Well-crystallized dense grains of irregular shapes were observed for these compositions with the presence of large micropores. The grain size of MgFe is 3.99 m which decreases with increase in substitution. The continuous decrease in grain size with Ca substitution may be due to the fact that Ca 2+ ions (0.99Å) have large ionic radii than that of Fe 3+ (0.64Å) and, therefore, show limited solubility in spinel lattice and prevent grain growth resulting in decrease in grain size [23] . Table 1 shows the values of grain size with Ca 2+ composition in Mg-ferrite. Figures 2(a) and 2(b) show the energy dispersive X-ray analysis (EDAX) spectrum for 1 and 7% Ca substituted magnesium ferrite, whereas Table 2 gives quantitative estimation of elements obtained directly from spectrum through its atomic and weight percentages. The results confirmed the presence of the required elements in the prepared composition with almost all the peaks associated with elements such as those of Mg, Fe, O, and Ca, thereby suggesting the formation of pure MgFe and CaMgFe.
The X-ray diffraction (XRD) studies confirm the formation of polycrystalline cubic spinel phase. Figure 3 shows X-ray diffraction pattern indicating (hkl) values for pure and Ca substituted magnesium ferrite. The diffraction peaks corresponding to planes (220), (311), (400), (422), (511), and (440) provide a clear evidence for the formation of spinel structure of the ferrite [24] . The " " values and intensities of the observed diffraction peaks match the crystalline cubic spinel form of the magnesium ferrite (JCPDS Card no: 36-0398).
The data on lattice parameter " , " X-ray density " , " bulk density " , " and porosity " " is summarized in Table 3 . The plot of lattice constant " " (Å) versus calcium content ( ) is depicted in Figure 4 . It is found from the figure that lattice constant initially increases up to = 0.03 and thereafter it decreases with further increase in " . " This indicates that the variation of " " with " " does not obey Vegard's law [25] . This nonlinear behaviour of " " with " " may be due to the substitutional effect of larger Ca 2+ ions (0.99Å) in magnesium ferrite. Further, nonlinear behaviour of " " with " " on the other hand is reported for the systems which are not completely normal or inverse [26] . The Ca 2+ ions have strong preference for tetrahedral (A) site [27] . The Ca ions, having the larger ionic radius (0.99Å), when substituted in Mg-ferrite replace the smaller Fe 3+ (0.64Å) ions on the tetrahedral (A) sites; this causes linear rise in the lattice constant with " " following Vegard's law for ≤ 0.03 and the maximum value of " " is observed for this composition ( = 0.03). The decrease in the lattice constant at ≥ 0.03 can be attributed to the reduction of Ca 2+ ions on the Asites. The continuous decrease of lattice constant till = 0.07 suggests that there is continuous reduction of Ca 2+ ions on the A-sites of the cubic lattice. The deviation from the straight line thus also indicates incomplete Ca substitution in face centered cubic (fcc) phase. It is also reported in the literature that when doping percentage of Ca 2+ ions is increased beyond 0.05%, the value of lattice parameter again decreases slightly. This is probably due to the fact that, for higher concentration, the Ca 2+ ions occupy interstitial sites [20, 28] .
The X-ray density ( ) was calculated using the relation [29] = 8
where " ", " , " and " " are the molecular weight, Avogadro's number, and lattice parameter, respectively. It is evident from Table 3 : Lattice parameter " , " X-ray density " , " bulk density " , " and porosity " " for different composition.
Composition
Lattice parameter " " (Å)
X-ray density " " (gm/cm 3 )
Bulk density " " (gm/cm 3 ) Porosity " " (%) the table that X-ray density decreases up to = 0.03 and then increases which is attributed to the variation of " " with " " [30] . The change in density is divided into two regions. In the first region for the composition = 0.00 to 0.03, there is decrease in the density, whereas, in the second region, the density increases. This behaviour starting from = 0.03 to 0.07 [31] cannot only be ascribed to the replacement process between the lighter atom of Fe by the heavier atom of Ca but also be according to the distribution of Ca content among the sublattice and consequently the effect of condensation on the crystal structure. By comparing the bulk density and X-ray density, porosity of each composition can also be calculated. The percentage porosity of the samples is calculated using the relation [32] 
where " " and " " are the bulk and X-ray density, respectively.
Magnetic Properties.
It is well known that calcium ions can enter the spinel lattice up to a certain proportion [21] , and its solubility limit is determined by the following three factors: (i) relatively larger ionic radius of Ca 2+ ion [23] (as compared to the dimensions of A-tetrahedral or B-octahedral sites), (ii) the lattice constant of the spinel substituted by Ca, and (iii) the cooling rate of the ferrite after sintering [21, 33, 34] . Therefore, it is necessary to understand from their magnetic properties the behaviour of calcium substitution on the spinel lattice of MgFe. Figure 5 displays the room temperature hysteresis loops for pure and Ca substituted MgFe, which indicates the soft ferrimagnetic nature of the synthesized particles. The values of the saturation magnetization ( ), coercivity ( ), and retentivity ( ) can be obtained from this curve. It is clear from the figure that all the materials show a similar behaviour; that is, the value of magnetization increases with the increase in the value of applied field and gets saturated at a very low value of applied field approximately equal to 1000 Oer. From these hysteresis loops, one can obtain the information about the saturation magnetization ( ) and the same is given in Table 4 . The interesting observation is that the value of saturation magnetization is maximum in the sample for Ca5% substitution and minimum for Ca1% substituted MgFe.
The value of saturation magnetization in pure MgFe 2 O 4 is 23.5 emu/gm which decreases to 22.5 emu/gm for Ca1% and then starts to increase with 24.5 emu/gm for Ca3% and 30.7 emu/gm for Ca5%, followed by further decrease with 29.0 emu/gm for Ca7% substituted magnesium ferrite. Smit and Wijn [35] have reported saturation magnetization value for bulk particles of MgFe 2 O 4 as 27 emu/gm, whereas, in the present case, the value comes out to be 23.5 emu/gm. The difference in the value of saturation magnetization can be explained in the light of cation distribution. Any change in the concentration and nature of ions in A-and B-site causes resultant magnetization to be different from the reported one [1] . The composition dependence of magnetization can be explained on the basis of cation distribution. It is reported [35] that the metal ion distribution in MgFe 2 O 4 is given by The case of Mg-ferrite is somewhat exceptional. Its structure was originally reported to be inverted, that is, having the same number of magnetic atoms on A-sites as on B-sites [36] . On the basis of the Neel coupling scheme, Mg-ferrite would then be expected to have zero saturation moment. However, this was not observed experimentally and the saturation moment was found to vary within the limits of 1-2.4 Bohr magnetons depending on the conditions of preparation [37] . This discrepancy has been explained on the assumption that Mg-ferrite is incompletely inverted; the number of iron atoms on B-sites thus exceeds the number on A-sites. Smit and Wijn [35] reported the magnetic moment per molecule MgFe 2 O 4 at 0 K as 1.1 Bohr magnetons.
In the present system, the magnetic properties are sensitive to the distribution of Fe 3+ ion in A-and B-sites. The measurement of bulk saturation magnetization can give the micromagnetic moment information, which can be related to the distribution of the magnetic ions in the interstitial sites [7] .
According to Neel's theorem of sublattice [31, 32] , the net magnetization will be
The magnetization in each composition depends on the distribution of Fe 3+ ions among the two sites A and B, where the Mg 2+ and Ca 2+ ions are nonmagnetic. As the magnesium ferrite is partly inverse in nature, so there is a probability of migration of a small fraction ( ) of Mg 2+ ions to A-sites [31] ; in this case, the cation distribution can be represented as
The first and the second bracket indicates tetrahedral (A-site) and octahedral (B-site) sublattice respectively. For MgFe 2 O 4 , the value of " " is approximately equal to 0.1 [35] . 
This substitution will lead to increasing Fe 3+ ions on the B-site and consequently the magnetization of the B-site will increase and, at the same time, the magnetization of A-site will decrease according to the decrease of Fe 3+ ion on A-site. Accordingly, the net magnetization will increase in the range ≤ 0.05 as given in the table. Further, the magnetization decreases with increasing " " for > 0.05. This behaviour may be related to the migration of Ca 2+ ions to B-site, so that the cation distribution of formula (6) was applied to the range of ≤ 0.05, but, for > 0.05, the cation distribution will be modified to the formula:
From this distribution, the increase of calcium content will prevent the existence of Mg 2+ ions on A-site. Also, the number of Fe 3+ ions will decrease on B-site and increase on Asite by the same amount (i.e., Fe 3+ ions). This replacement will weaken the net magnetization of the whole lattice [32] .
In case of Ca-ion distribution, it was reported [19, 27, 38] that Ca 2+ ions strongly prefer to occupy the A-site for low Ca concentration; however, for high Ca concentration, Ca
2+
ions either are distributed between A-and B-sites [10] or reside at the grain boundaries [20] . Carter and Mason [21] report that calcium at higher concentration segregates almost completely at the grain boundaries. Thus, according to the assumed cation distribution (Ca ions occupy the A-sites) increase of the Ca concentration from = 0.00 to = 0.05 leads Fe 3+ content in B-site to increase and that in A-site to decrease. Hence, the total magnetization ( = B − A ) increases. For > 0.05, more Fe 3+ ions migrate to Bsite causing the B-B interaction to increase and hence the canting angle ( yk ) is established. Therefore, it is suggested that significant canting exists at octahedral B-sites which can be explained on the basis of three-sublattice model suggested by Yafet and Kittel [39] . It is expected that ( yk ) increases with increasing Ca concentration, such an increase in ( yk ) leads to a decrease of according to the equation = B Cos yk − A , where A and B are the magnetizations of A-and B-sites, respectively [40] . Thus, our results support the occupation of Ca ions for A-sites at low Ca concentration. Our observations also support the earlier work [41] , where, for higher concentration of nonmagnetic ions, decreases with " " which is due to the weakening of A-B interaction and consequently stronger B-B interaction. Figure 6 shows the magnetization versus temperature curves of pure and Ca 2+ substituted Mg-ferrite for a field of 50 oersted. From this figure, the value of Curie temperature ( ) (the temperature at which the value of magnetization reduces to zero) is calculated. The values of saturation magnetization, coercivity, retentivity, and Curie temperature are given in Table 4 . It is clear from Table 4 that the value of Curie temperature decreases with increase in Ca 2+ ions. The Curie temperature of a substituted ferrite will vary as per the variation in the relative strength of the A-B super exchange interactions due to nonmagnetic ion (Ca 2+ ) substitution in A-site. Since the present system has only one magnetic ion (Fe 3+ ), the variation of " " is determined by the ratio of iron concentration in A and B sites in substituted ferrite with respect to that of an unsubstituted ferrite (MgFe 2 O 4 ) [7] . The value of Curie temperature " " for unsubstituted ferrite, that is, MgFe 2 O 4 , is 400 ∘ C, which continuously decreases to 328 ∘ C for Ca 7% substituted Mg-ferrite. Initially, when the doping percentage is small ( = 0.01), very negligible Ca 2+ ions go into the spinel and hence the number of magnetic ions on A-site is comparatively larger. Therefore, the A-B interaction is comparatively stronger resulting in slight decrease of curie temperature [20] , whereas, with increased doping percentage from = 0.01 to = 0.07, the number of nonmagnetic ions (Ca 2+ ) occupying A-site reduces the magnetic moment of A-site [20] , thereby making A-B interaction weaker which causes reduction in Curie temperature [20, 21, 28] .
Conclusion
Structural and magnetic properties of magnesium ferrite (MgFe) and calcium substituted MgFe depend on several factors including method of preparation, chemical composition, and grain size of the particles. Pure and Ca substituted magnesium ferrite of the form MgCa Fe 2− O 4 (for = 0.00, 0.01, 0.03, 0.05, 0.07) were successfully prepared by solid state reaction technique. The X-ray diffraction analysis confirms the formation of cubic spinel structure. The lattice parameter increases up to ≤ 0.03 and then starts decreasing for > 0.03. The EDAX results confirm the presence of the required elements in the prepared composition. The magnetization increases for small Ca concentration, that is, ≤ 0.05, and then decreases for higher Ca concentration; that is, > 0.05. The replacement of iron by calcium ions leads to cation distribution as explained in formula (6) and (7). MgFe 2 O 4 represents the highest Curie temperature which decreases with the increase in substitution of nonmagnetic ion (Ca 2+ ). 
